Electrical transport measurements of carbon nanotubes filled with magnetic iron nanoparticles are reported. Low-temperature (40 mK) magnetoresistance measurements showed conductance hysteresis with sharp jumps at the switching fields of the nanoparticles. Depending on the gate voltage, positive or negative hysteresis was observed. The results are explained in terms of a magneto-Coulomb effect: The spin flip of the iron island at a nonzero magnetic field causes a shift of the chemical potential induced by the change of Zeeman energy; i.e., an effective charge variation is detected by the nanotube quantum dot. DOI: 10.1103/PhysRevLett.107.186804 Manipulating single spins confined or coupled to nanoconductors has become a central issue of molecular spintronics [1] [2] [3] . Recent progress in combining the two fields of research, quantum electronics [4] and nanomagnetism [5] , has revealed the electric field control of spin-polarized transport, resulting from spin-valve [6] and magnetoCoulomb effects [7] . Ono, Shimada, and Ootuka observed first a magneto-Coulomb effect (MCE) in a single-electron transistor of a metallic island connected to two ferromagnetic leads [7] . This effect was characterized by an enhanced magnetoresistance (MR) of the island in the Coulomb blockade regime, which originated from the Zeeman energy of the ferromagnetic contacts, inducing an opposite shift of the majority and minority spin energy bands. This results in a modification of the island's chemical potential, which is equivalent to an effective electrostatic gating. Thus, the MCE enabled them to tune the single-electron transistor by the magnetic field, leading to magneto-Coulomb oscillations [8] , reminiscent of the Coulomb blockade oscillations occurring as a function of gate voltage. Other groups reported a MCE occurring in ferromagnetic semiconductor single-electron transistors [9] and an anisotropic MCE [10] , caused by the magnetization rotation of ferromagnetic leads connected to a single Au nanoparticle [11] . Indeed, different MCEs may be relevant in various configurations, in which a device sensitive to Coulomb interactions is coupled to a magnetic material.
Here, we investigate a new kind of MCE, arising in carbon nanotube quantum dots coupled to single encapsulated magnetic nanoparticles. A large controllable MR signal is expected, since the positions of the discrete energy levels of the quantum dot are tuned by a gate voltage [12] . Such a MCE signature is difficult to extract in the conventional spin-valve geometry [13] , in which other mechanisms (spin injection [14, 15] , spin-dependent quantum interference [16] , etc.) can play a dominant role. Original molecular spintronics device configurations [2, 3] could provide new methods for taking advantage of the MCE in nanostructures: Carbon nanotubes are an ideal onedimensional conducting system for the local coupling of nanometer-sized magnets (magnetic nanoparticles, singlemolecular magnets, etc.) by means of surface functionalization [17] or inner core filling [18, 19] . The energy levels of a nanotube quantum dot are expected to be sensitive to any electrostatic change in their close environment and so to the Zeeman energy of the interacting ferromagnet in an applied magnetic field. Such an electrostatic effect would thus allow a single magnetic nanoparticle to be coupled to the charge transport in the quantum dot. In this Letter, we report on this new kind of MCE in carbon nanotube quantum dots filled with magnetic nanoparticles.
The MCE reported here is investigated in quantum transport measurements of double-wall carbon nanotubes (DWCNTs), filled in their inner shell with Fe oxide nanoparticles [ Fig. 1(a) ]. The synthesis and characterization of filled nanotubes are discussed in more detail by Tilmaciu et al. [20, 21] . Transmission electron microscopy of hybrid nanotubes [ Fig. 1(a) ] reveals a discontinuous arrangement of crystallites, with lengths of a few tens of a nanometer, encapsulated inside the inner wall of the host DWCNT. The hybrid nanotubes are connected to Pd electrodes on top of an oxidized silicon substrate serving as a back gate, as shown in Fig. 1(b) . The junctions are studied in a twowire configuration, at very low temperature (T ¼ 40 mK). Figure 1 (c) shows a single trace of the differential conductance G ¼ dI=dV as a function of the gate voltage V g . The differential conductance exhibits a series of peaks and dips, related to single-electron tunneling through discrete energy levels in the Coulomb blockade regime. The irregularity of the G amplitude modulation as a function of V g emphasizes the presence of significant disorder, probably induced by the filling procedure.
We now consider quantum transport under the influence of a magnetic field B, applied in the plane of the junction and swept at a constant rate of 0:03 T Á s À1 . Figure 2(a) shows single traces of the differential resistance R resulting from B-field sweeps, at three different constant gate voltages V g . For two of the three gate voltages shown in Fig. 2 (a), hysteretic MR is observed. Abrupt resistance jumps of amplitude R sw are detected symmetrically, for both sweeping field directions, at well-defined switching fields B sw ¼ AE150 mT. At V g ¼ À1:05 V, R increases from 120 to 165 k and yields a positive MR of 37.5%. On the other hand, at V g ¼ À1:10 V, R decreases from 150 to 80 k, after the jump occurred. This yields a negative MR of 53%. Furthermore, R sw is suppressed at V g ¼ À1:07 V. We observe outstandingly high hysteretic MR features, the sign of which is gate tunable and which can even be turned off at specific gate voltages. Moreover, R is strongly hysteretic and relaxes as B is increased to larger values.
The gate-dependent hysteresis is investigated in more detail, for a large gate voltage range. Figure 2(c) shows the corresponding color-scale plot of the hysteretic part of the MR (the difference in R between the two sweep directions), as a function of B and V g . The hysteresis color alternates red and blue as a function of V g . This pattern corresponds to a series of positive and negative hysteretic MR features, separated by regions of completely suppressed MR [white regions in Fig. 2(c) ]. The discontinuous jumps are observed at the same switching field B sw and appear as two symmetric continuous lines, which remain independent of V g . The well-defined value of B sw for this V g range is attributed to the magnetization reversal of a single encapsulated magnetic nanoparticle. Interestingly, the hysteretic MR is clearly correlated to the differential resistance of the device at zero field [ Fig. 2(b) ]. More precisely, the sign of R sw alternates along with the sign of the differential resistance slope dR dV g by sweeping V g through Coulomb peaks. The hysteresis amplitude is strongly reduced when R depends weakly on V g and is suppressed, in particular, at the maxima and minima of the R peaks. By studying the MR single traces directly as a function of V g , a sudden gate shift can also be noticed at B ¼ B sw [ Fig. 3(a) ]. The gate oscillations of R which occur when V g is varied, for B < B sw and B > B sw , are similar [ Fig. 3(a) ] though shifted by a finite amount ÁV g % 5 mV [ Fig. 3(b) ]. The shift is exactly the same in the case when the magnetic field sweep is retraced (not shown here). The influence of magnetization reversal at B sw on the nanotube quantum dot is thus equivalent to a change in the offset charge. The gate-dependent hysteretic MR observed in our devices is attributed to a MCE, which is intimately correlated with charge transport in the Coulomb blockade regime. We now introduce a qualitative description of this effect and discuss its predominance in our devices. In the equivalent scheme in Fig. 4(a) , the microscopic electronic coupling between the conductive DWCNT outer shell and the filling material is, to a first approximation, represented by an effective capacitance C eff . The assumption that only the outer shell carries the current is supported by previous experimental and theoretical reports [22, 23] , suggesting a dramatic decrease in the inner shell conductivity due to significant filling-induced electron backscattering. This corroborates the fact that encapsulated magnetic objects are weakly coupled to charge transport in host DWCNTs.
We present here a phenomenological model based on the magneto-Coulomb effect, which can explain our results. Because of electronic coupling, the flow of electrons in the system is sensitive to the Zeeman energy of the nanoparticle ÁE Z ¼ Àg B B Á S, associated with its giant spin S in the B field, neglecting the magnetic anisotropy function. This energy corresponds to a potential energy variation in the nanometer-sized ferromagnet, as a function of the magnetic field, which can be expressed as the charging energy of an effective capacitance:
where ÁQ is an effective charge held on C eff , which accounts for the Zeeman effect. The electronic coupling between the outer carbon wall and the magnetic object is expected to be sufficiently strong for ÁQ to induce a significant gating effect on the nanotube. Moreover, the total energy of the nanoparticle is strongly dependent on the spin orientation, and the evolution of ÁQ reflects the spin reversal in the form of discontinuities in the amplitude ÁQ sw at B ¼ AEB sw , as shown in the diagram of Fig. 4(b) . From the expressions for ÁQ and ÁE Z , one obtains
where is a constant including the cosine of the angle between the magnetic field and the easy axis of magnetization of the nanoparticle and the effective capacitive coupling factors relative to the conductive carbon shell and the nanoparticle environment. The induced effective charge variation, which is expected to be sharp at the instant of magnetization reversal of the nanoparticle, is equivalent to an effective gate voltage and should thus induce a resistance change ÁR [ Fig. 4(b) ], proportional to ÁQ:
Equation (2) highlights the strong correlation of the MCE with the gate dependence of the resistance. The gate sensitive MR, shown in Figs. 2 and 3 , shows the unambiguous signatures of a MCE. The general trend is in agreement with Eqs. (1) and (2), which account for both the amplitude and sign dependence of the MR's hysteresis with V g , as the nanotube quantum levels become resonant with the electrodes' Fermi level (Coulomb peaks). This MCE is very apparent at B ¼ AEB sw , at which there is a sudden variation in the potential energy of the magnet accumulated by the Zeeman effect. This change can be translated into a variation of the chemical potential of nanotube by the capacitive coupling. This outcome highlights the gatelike effect of MCE, visible at B ¼ AEB sw . This chemical potential variation of the nanotube corresponds to a finite shift of the discrete energy levels in the dot, with respect to the electrodes' Fermi energies [ Fig. 4  (c) ]. The effective shift of the nanotube's energy levels due to the switching of nanoparticles is given by Á shift % 0:1 meV (with ÁV g ¼ 5 meV [ Fig. 3(b)]) . The rate at which the voltage applied to the back gate changes the electrostatic potential of the dot is C g =C ¼ 0:02 (see [24] ). The charging energy of the nanotube U c is 1 meV, as deduced from the Coulomb blockade features of the device (see [24] ). Indeed, though the coupling to the nanomagnet is not sufficient to change the charge state of the nanotube, the spin flip influence induces yet strong features on the electronic transport, providing a sensitive nanotube quantum dot detector.
Although it is not easy to estimate the effective coupling between the nanotube and the magnetic object it contains, some hints about the efficiency of the device can be inferred from simple energy scale considerations. Let us consider, for example, an iron nanoparticle of 100 spins (S ¼ 100, which is a likely particle size considering the TEM images), with a switching field B sw ¼ 0:15 T. The Zeeman energy change resulting from the switching would be ÁE Z ¼ 10 meV, which is much higher than the effective electrostatic energy shift (Á shift ) we observed in the gate modulation of our device. The coupling turns out to be poorly efficient, but the use of a quantum dot as a sensor still allows the straightforward detection of such low energies.
In conclusion, we have measured a new gate-dependent MR, which differs from that described in previous reports in which the MCE originated from the contact between nanostructures and ferromagnetic leads. In our case, the sign of the magnetoresistance of carbon nanotube is completely tunable by gate voltage. The clear correlation between the slope of the gate modulation of the nanotube and the hysteresis due to switching of the magnetization is a unique feature we observed. Indeed, here the MCE is induced by taking advantage of the local coupling of a nanotube quantum dot with low-dimensional magnets and does not imply the existence of any ferromagnetic contact. This new effect could be generalized to different nanomagnets, by using DWCNTs filled with various materials, or even functionalized with molecules, in order to provide a powerful technique for reading the magnetic properties of single nanomagnets coupled to CNT transistors.
